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SUMMARY

Vey—22/92,

The objectives of the first three quarters of this contract were (1) to
improve inverter transformer weight and efficiency through the application of
field-annealed doubly-oriented silicon-steel, and (2) to improve inverter and
converter reliability and power capability through the development of means for
parallel operation of static inverters and converters. These objectives have been
met and verified through the testing and evaluation of two transformer models
and the successful paralleling of two 750-watt static inverter and converter models.

The 0.006" thick doubly-oriented silicon-steel (CUBEX) used in one static-
inverter output-transformer had 33% lower core loss at 13 KG flux-density than
the 0.011" thick singly-oriented silicon-steel (Hipersil) used in the second
transformer model. With the same amount of steel in both transformers, the
static-inverter full-load efficiency increased approximately 2% when operated
with the CUBEX steel transformer core.

Using the methods developed in this program, both real and reactive
loads were satisfactorily shared during the static inverter paralleling evaluation.
Any reasonable load division accuracy can be met and any number of static
inverters or converters can be operated in parallel with the methods descyibed !
This contract has been extended for five more months to design, develop,
and evaluate circuits for the automatic paralleling and protection of parallel static
inverter and converter systems.
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I. INTRODUCTION

The objectives of this contract were: (Task I) to evaluate field-annealing
doubly-oriented silicon-steel as a means to increase the efficiency and/or the
power-to-weight ratio of static inverters and converters and (Task II) to develop \
means to parallel static inverters and converters.

The analytical and design work for circuits to accomplish manually con-
trolled paralleling of static inverters and converters was completed during the
first quarter of the contract period. The inverter output transformer was
designed with both Hipersil steel and CUBEX steel cores to compare the two
magnetic materials. These accomplishments are described in the first quarterly
report.

The test program used to evaluate the paralleling circuits and the trans-
former cores was written during the second quarter of the contract period.

This test program is Appendix II of the second quarterly report and Appendix I
of this report. :

Fabrication of the inverter-converter test models was completed in the
middle of the third quarter of the contract period. One of the test models is
shown in Figure 1. The capital letters designate important component and cir-

~ cuit locations on the test model. Those designated are: (A) terminal boards

which permit operation of the test models as either a static converter or as a
static inverter (Figures 73 through 76 indicate the external connections that are
necessary for either type of operation); (B) one of the quadratic transformers
used in Task I of the contract; (C) the heat sink on which the power inversion
stage components are mounted; (D) the countdown circuits; (E) the inverter
load sharing detector circuit; (F) the current-limiting-circuit current trans-
formers; (G) the inverter output filter; (H) the voltage booster and booster
filter; (I) the input filter; (J) the voltage regulator magnetic-amplifier; (K) the
tuning-fork-oscillator frequency reference; (L) the frequency reference se-
lector circuit; (M) the unijunction-transistor-relaxation-oscillator; (N) the in-
verter output voltage sensing transformer; (O) the six power rectifiers used
for converter operation; and (P) the simple saturable reactor used in the static
converter load-division circuit.

The static inverter and converter paralleling methods, and the CUBEX
steel quadratic transformer were evaluated during the last half of the third
quarter of the contract period. The principles developed during the first three
months of the contract were confirmed during these tests. The test results are
discussed in detail in the body of this report. Some circuit modifications were




—

necessary to accomplish the tasks of this contract, but the principles were not
changed by the modifications. Those modifications are discussed in detail in
the text of this report.

This contract has been extended for five months to include the development

of circuits for automatic paralleling and protection of static inverters and con-
verters.



Figure 1. Photograph of One of the Static Inverter/Converter Test Models
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II., STATIC INVERTER PARALLELING EVALUATION

The static inverter paralleling evaluation was completed during the third
quarter of the contract period. The laboratory set-up is shown in Figure 2.
The wiring diagram of the laboratory set-up is shown in Figure 3. Inverter
breadboard #2 is shown (A) with its d-c power supply (B), input meters (C),
output frequency counter (D), and transformer temperature-rise potentiometer
(E). Two complete sets of a-c output voltmeters, ammeters, and wattmeters
(F) are located on the center table. The set of a-c output meters in the fore-
ground measured the output of Inverter #2, while the other set measured the out-
put of Inverter #1. The individual load, inverter paralleling, and load paralleling
circuit breakers (G) are located on the center table. The load banks (H) and the
output frequency counter for inverter #1 (I) are also shown on Figure 2. Inverter
#1 is behind the two load banks on a separate table as can be seen in Figure 40.

The results of the paralleling evaluation were very successful. One mod-
ification was necessary in the frequency locking circuit and is discussed in the
next section. An improved phase locking method became apparent through testing
and is discussed in the phase locking section. The test data obtained are dis-
cussed in detail in their appropriate sections.

A. Frequency Locking.

The frequency locking circuits were modified before the parallel inverter
laboratory tests were begun. Figures 9 and 27 of the first quarterly report show
that when two inverters are connected in parallel, the base terminals of both Q23
transistors are connected together. The base of Q23 to the emitter of Q2 (Grd)
voltage required to turn on the Darlington connected Q23 and Q2 transistors will
most likely be different on each inverter breadboard. The transistor combination
which requires the least turn-on voltage will clamp the base drive voltage to the
other transistor combination and will be the only one of the two transistor com-
binations that will operate properly during parallel operation. One of the bread-
boards would operate at the tuning fork frequency while the other breadboard
would operate at its own unijunction-transistor relaxation-oscillator frequency.

The circuit modification consisted of inserting a resistor, designated R72

on Figure 4, between the 3200 cps bus and the base of transistor Q23. The cathode

of diode CR92 remains connected to the base of transistor Q23.

The value of R72 was determined experimentally and logically. There are
two opposing factors to be considered. One factor is that as the value of resist-
ance increases, the load on the tuning fork oscillator decreases. Hence, as the
value of resistance increases the number of inverters that can be synchronized
by one tuning fork oscillator also increases. The other factor is that as the value



Figure 2, Photograph of Parallel Inverter Laboratory Set-Up
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of resistance increases, the base drive signal decreases. Therefore, the value
of resistance must be low enough to ensure that the base drive signal is always
sufficient for proper transistor switching operation. Another consideration is
the signal power available from the tuning fork oscillator. The voltage magnitude
must be greater than two volts peak-to-peak.

The measured value of resistance that caused the Darlington connected
transistors to no longer switch, was 250K ohms. A standard 47K + 10% ohm
resistor was selected. Therefore, a factor of safety of about 5 ensures that the
tuning fork oscillator signal will always be sufficient to cause the transistor to
operate in a switching mode. This value of resistance for R72 will allow about
fifty inverters to be synchronized by a single tuning fork oscillator like the ones
used on these test models. The tuning fork oscillator used in this study had a
peak -to-peak output of 10 volts across a 10K resistor.

The frequency locking circuits functioned as planned after the modification
mentioned above was incorporated. Figure 5 contains the data taken according
to paragraph 2 of Appendix I. Appendix I of this report is Appendix II of the
second quarterly report, and is included in this report for the reader's conven-
ience. These data verify that one tuning fork is turned on and that the other tuning
fork is turned off when two inverters are connected, per that paragraph, with
switches K1, K2, and K3 closed.

Figure 6(a) shows the oscilloscope trace of the collector -to-emitter
voltage of transistor Q4 on each inverter prior to closing switches K1, K2,and
K3. It is obvious that these voltages are not in phase. These voltages are also
occurring at slightly different frequencies. The difference frequency between
the two tuning fork oscillators was only about 0.04 cps. This small frequency
difference is not apparent on this photograph. Figure 6(b) shows these same
voltages after switches K1, K2, and K3 are closed. These voltages are in-phase
and are occurring at the same frequency.

It should be noted that closing K1, K2, and K3 does not assure that the
output voltages of the inverters are in phase. The output voltages are phase
locked, but they can be out of phase by 45n°, where n=0, 1, 2,°++, 7. Of
course, since n can be zero, the output voltages can be in phase if switches K1,
K2, and K3 are closed under certain conditions. The last two statements are
strictly true only when both inverters have identical loads. This subject is
discussed fully in section IIB. '

There are two problems associated with this frequency locking circuit
which should be discussed. These problems are related to (1) the long start-up
time of tuning fork oscillators and (2) the number of components and intercon-
nections required between paralleled inverters.
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Figure 6. Photographs of the Oscilloscope Tracing of the
Collector -to-Emitter Voltage of Transistor Q4
on Each Inverter (a) Prior to Closing Switches
K1, K2, and K3 and (b) After Closing Switches
K1, K2, and K3.
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The long start-up time (two to four seconds) of a tuning fork oscillator
presents a problem if the tuning fork oscillator that is operating in a paralleled
system should fail. The failed tuning fork oscillator must be shut off and one of
the other tuning fork oscillators must be started. The inverters must be un-
paralleled during the transition period since each inverter would be operating at
its own unijunction-transistor relaxation-oscillator frequency. The use of faster
starting oscillators such as crystal oscillators, multivibrators, etc., would
shorten the transition period considerably. It should be noted that a parallel
inverter system will always be disturbed for at least a fraction of a second if the
operating frequency reference should fail. It would be impossible to switch to
another frequency reference instantly and to have the new frequency reference
operate at the same frequency and in phase with the voltage pulses that would
have occurred if the first frequency reference had not failed. Design effort
should be used to minimize the duration of this disturbance.

The second problem associated with the frequency locking method is
that, for each additional inverter that is inserted in a parallel inverter system,
a resistor and a diode must be added to every inverter in the parallel system.

- For a parallel inverter system having n inverters, there must be n-1 such

resistors and n-1 such diodes in each of the inverter frequency locking circuits.

The main reason for concern is that, with this frequency locking method,
the number of interconnections between inverters increases as the number of
inverters in the system increases. Hence, as the number of necessary inter-
connections increases, the reliability of these interconnections decreases.

Another important consideration is that the maximum number of static
inverters of a given design which can be operated in parallel is limited by the
number of resistors and diodes in each frequency locking circuit. It would be
more desirable to be able to parallel an unlimited number of static inverters
of a given design. In thisway, a standard inverter design could be utilized in
a wide variety of applications.

A practical solution to this problem is available and is recommended
for all future work in this area. The practical solution to this problem is to
use a single frequency reference which is physically separated from all of the
inverters. The frequency reference should contain as many frequency standards
as required to meet the desired reliability with a "frequency locking circuit"
similar to the one used in this study. A new 'frequency locking circuit'" could

- be developed which allows all of the frequency standards to operate continuously.

The circuit used in this study shuts off all but one of the frequency standards.
Such a new circuit would by-pass the disadvantage of the long start-up time of
a tuning fork oscillator mentioned above and would minimize the frequency
disturbance which results from changing frequency standards.

12




Each inverter package should contain its own unijunction-transistor
relaxation-oscillator or some other type oscillator, which can be synchronized
with the frequency reference. Then each inverter can be operated unparalleled
and independent of the frequency reference if the frequency reference were to
fail completely. A unijunction-transistor relaxation-oscillator can be accurate
to about +1%. The number of necessary interconnections between the inverters
would not be affected by the number of inverters in the parallel system. The
number of components in each inverter would not be affected by the number of
inverters in the parallel system. Therefore, a standard inverter of this type
could be built and operated independently or in parallel with an unlimited number
of similar inverters.

B. Phase Locking.

The phase locking circuits functionedproperly. Figure 7 identifies the
oscilloscope traces shown in Figure 8.

The method of closing switch K4 to lock the inverter countdown circuits
in-phase is undesirable from a system transient standpoint. As mentioned
previously, when the frequency locking circuits are energized, the output volt-
ages can be out of phase by 45n°, n=0, 1, 2, °=*, 7. When switch K4 is closed,
one or both of the countdown circuits in the inverters must be disturbed and,
as described in the first quarterly report (pp. 23-26), must shift until both count-
down circuits operate in-phase with each other. The output voltages will be dis-
turbed during this period of time. If switches K1, K2, and K3 are closed at
random, there is no way of knowing which one (or if both) of the countdown cir-
cuits will change when switch K4 is closed. Thus, the system load voltage could
be distorted for as long as one output cycle while the two inverters are getting
in-phase with each other. This is not harmful to the inverters but could be
detrimental to the proper operation of gyro-motors or other frequency sensitive
devices operating on the bus.

This phase locking transient can be completely eliminated if switches
K1, K2, and K3 are initially closed only at an instant when the two inverter
countdown circuits are in-phase with each other. By locking the inverter fre-
quencies together at that instant, the inverters will remain in phase with each
other without closing switch K4. Because of the very small frequency difference
between the two inverter frequency references, this method of simultaneous
frequency and phase locking was experimentally verified in the laboratory by
manually closing switches K1, K2, and K3 when the two inverter countdown
circuits were observed (on a dual channel oscilloscope) to be in phase with each
other. For output frequency differences above about 0.1 cycle per second, it
would be impossible to physically observe the proper paralleling conditions and
manually close switches K1, K2, and K3 at the proper instant. One of the reasons
for extending this contract is to develop an electrical circuit which will auto-
matically sense the correct instant for paralleling and will perform the functions

13
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#1

0
#2

0

11§ ¢ < Jp— (Picture #3)
(a) Switches K1, K2, and K3 closed.

#1

0
#2 0

time — (Picture #4)
(b) Switches K1, K2, K3, and K4 closed.

Figure 8. Photographs of the Oscilloscope Tracing of the Collector-
to-(-inp) Voltage of Transistor Q17A on Each Inverter
Showing (a) the Inverters Operating at the Same Frequency
but Out of Phase and, (b) the Inverters Operating at the Same
Frequency and In Phase
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equivalent to closing switches K1, K2, and K3. This automatic paralleling circuit
must then determine if the two countdown circuits remained in phase with each
other and then close the circuit breaker which connects the inverter output termi-
nals in parallel.

Conventional methods for the automatic paralleling of rotating a-c gen-
erators all rely on observations of the corresponding generator terminal voltages
to determine if two generators are near enough in phase to be paralleled. This
method is not sufficiently accurate for paralleling static inverters because of the
static inverter internal impedance. For example, if two identical isolated static
inverters are dissimilarly loaded and their respective output voltages are exactly
in phase with each other, the two countdown circuits will not be in phase with each
other. For this reason, the static inverter terminal voltages cannot be used to
determine if two countdown circuits are in phase with each other. Fortunately
this can be very easily determined with simple static logic circuits. Two inverter
countdown circuits are in phase with each other and can be connected to the same
frequency reference during the periods when transistors Q4, Q18A, Q18B, Q18C,
and Q18D of both inverters are conducting. This can be determined by a simple
"NOR" circuit. This automatic paralleling circuit will be developed and demon-
strated experimentally during the extension of this contract.

C. Load Division.

The data taken during the parallel inverter tests show that the load division
circuit performance met or exceeded the performance specified in the first
quarterly report. These data will be discussed in detail in the following paragraphs.

1. Load Division Circuit Gain.

The load division circuit gain data are shown in Figure 9 (Bread-
board #1) and Figure 10 (Breadboard #2). These data were taken accord-
ing to Appendix I, Paragraph 1.0. The value of the load division circuit
gain was to have been:

OE  _ .0.412 Volts/Ampere (first quarterly report, Pages 27 & 28). .
Jlr-
DQ
The value obtained from the data is:
3E  _ _(1.63.4 \— _ :
5 ( 115—1) = ~0-45 Volts/Ampere;
DQ
where 63.4 63.8+643.7+61.7 ',
{
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and 115.1 = 115.8+1§4.5+115.0

These data are taken from Figure 9. The data from Figure 10 give:

oE - -(1 _53.2 ) = - 0.451 Volts/Ampere,
BIDQ 115.2

So, the load division circuit gain exceeds the value specified in the first
quarterly report.

2. Load Division with Balanced Three-Phase Loads.

Figures 11 through 14 contain data taken with the inverters oper -
ating in parallel with balanced loads of various magnitudes and power
factors. Both inverters terminal voltages were initially adjusted to 115
volts rms (L-N). The data show that the inverters load difference was
lowest with a 0.75 lagging PF load and highest with a 0.9 leading power
factor load. Even the worst case is well within the 10% unbalance from
the average which was specified as an objective on Page 77 of the first
quarterly report.

Figure 15 gives the calibration and recording oscillograph data for
Figures 16 through 21. Figure 16 and Figure 17 are calibration tracings.
Figures 18 through 21 show the transients encountered when the inverters
are paralleled with 100% loads of four different power factors on each
inverter. The transients are almost non-existent. The small d-c signal
at the bottom of the trace indicates whether the inverters are paralleled
or not. A positive d-c voltage indicates that the paralleling breaker is
closed. It should be noted that the X1 - X2 terminals (Figure 4) should
be shorted together whenever isolated (or single) inverter operation is
desired. Figure 22 contains the data for Paragraphs 4.12 and 4. 13 of
Appendix I. The data in the first two columns and their associated
oscillograph, Figure 23, show that an unloaded inverter can be paralleled
with a loaded inverter. The transient lasts about 30 milliseconds. The
data in the last two columns of Figure 22 and their associated oscillograph
Figure 24, show that the inverters can be paralleled at no load, then have
the equivalent of twice rated load for one inverter suddenly applied and
removed with no undesirable effects. Note that the inverters share load
during the load on transient. The rated load application and removal
transients last about 50 milliseconds.
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.16 through 21, and Data for Oscillograph Calibration
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3. Load Division With Unbalanced Three-Phase Loads.

The inverter load division tests described above include all those
tests called for in the original test program. All of those tests were
conducted with somewhat ideal operating conditions. Both inverter input
voltages were approximately equal during the tests. Both inverter output
voltages were adjusted to approximately 115 volts before paralleling.

All applied loads were balanced three-phase loads. The static inverter
paralleling tests described below were intentionally conducted under a
variety of non-ideal conditions to determine load division circuit perform-
ance under non-ideal conditions.

The load division circuit senses the differential current of only one
phase in each inverter. Figure 4 shows that phase to be phase C. Phase
C current is designated as A3 on Figure 3 and on all Test Record Sheets.

It was desired to demonstrate that the paralleled inverters would
share load satisfactorily under unbalanced load conditions, particularly
if there were no-load on phase C. Figure 25 contains before and after
paralleling data taken under four different unbalanced load conditions.
Note that inverter #1 was set-up with unbalanced loads and the unloaded
inverter #2 was then paralleled with it. Figures 26 through 29 are
oscillograph recordings of the transients caused by paralleling the in-
verters. The oscillograph recordings show phase A currents and volt-
ages for both inverters for every condition. The data show that the in-
dividual phase currents and watts are shared within 14% of rated current
and watts in all cases. The worst case, as expected, occurs when phase
C is unloaded.

These data illustrate a possible disadvantage of regulating the
average of the three-phase voltages. The output terminal voltages under
unbalanced load conditions are also unbalanced. However, as the data
show, the individual phase loads can be made to share very closely with-
out sensing all three of the phase currents. The individual phase voltages
can be made to stay within a predetermined range with a predetermined
amout of load unbalance by judiciously designing the output filter. In-
dividual phase voltage regulation should be used when extremely close
individual phase voltage regulation is required. This approach should
be avoided if possible because it not only complicates the voltage regu-
lation method, but it also requires that differential load currents be
sensed in each output phase, This increases the complexity of the voltage

regulation and load division circuits and tends to reduce the reliability of
the static inverter power system.
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Figure 27. Oscillograph Recording of the Transient Caused by Paralleling
the Inverters with Unbalanced Loads per Figure 25, Columns
d and 4 (Osc. #9)
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4, Load Division With Unequal Inverter Input Voltages.

The inverters are designed to operate with an input voltage range
of 26 to 30 volts d-c. The effect on the load division circuit operation
due to variation of theinput voltage is shown in Figure 30. The first
column contains the data taken with rated load connected to the output
terminals of the unparalleled inverters with 26 volts d-c connected to the
input terminals of inverter #1 and with 30 volts d-c connected to the input
terminals of inverter #. The second column contains data taken with
the same condition except that the inverters are paralleled. It is obvious
that input voltage variations do not appreciably affect the load division

circuit operation. Figure 31 is an oscillograph recording of the parallel-
ing transient.

5. Load Division With Unequal Inverter Output Voltages.

All previous data were taken with the terminal voltage of each
inverter adjusted to an average of 115+ 0.7 volts prior to paralleling.
This was one of the criterion that was assumed during the design stage
of this program. However, this condition may or may not exist in an
actual application. Therefore, it was considered necessary to show that
the inverters would share load reasonably well even if the terminal volt-
age regulating point were to drift from the ideal setting on one or both
inverters. The third and fourth columns of Figure 30 contain the data
taken with unbalanced regulating points.

The terminal voltage of inverter #1 was adjusted to 110 volts rms
and the terminal voltage of inverter # was adjusted to 120 volts rms.
A rated current, 1.0 pf load, was placed on inverter #1 while inverter

~ #2 had no load on it. The data, contained in column 3, were then taken.

The data of column 4 were taken. after the inverters were connected in
parallel. Figure 32 is an oscillograph recording of the transient caused
by paralleling the inverters. Columns 5 and 6 in Figure 30 are data taken
under the same conditions as were columns 3 and 4 except a 0.75 lagging
pf load was used instead of the 1.0 pf load. Figure 33 is an oscillo-
graph recording of the transient caused by paralleling the inverters with
the 0.75 lagging pf load.

The loads are not shared as well as when the individual inverter
terminal voltages were preset at the same voltage. However, the loads
do share within 15% of the average. This performance, of course, could
be improved by increasing the gain of the load division circuit.
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6. Load Division While Starting an Induction Motor.

Figure 34 is an oscillograph recording showing a 1/8 HP induction
motor starting current transient being supplied by inverter #1. Figure 35
is an oscillograph recording showing the motor starting current being
supplied by the two inverters connected in parallel. Note that the parallel
inverters share current during the starting transient. This shows that a
motor which requires more starting current than one inverter can supply
can be started with two or more inverters connected in parallel.

D. Experimental Determination of Static Inverter Internal Impedance.

The internal impedance of the static inverter was determined analytically
in the first quarterly report. The internal impedance was found to be:

hd ~

Z, = 0.27 P.U. /11.8°.

The actual internal impedance of the static inverter breadboard was determined
experimentally to be:

Z1=0.305 P.U. /70.3°

which is in reasonably close agreement with the originally calculated value
above.

The procedure used to measure the internal impedance is described in
Appendix II. Because of the relative ease of measuring the internal impedance
of a static inverter, this procedure is preferred to the calculation method de-
scribed in the first quarterly report and should be used whenever an inverter
model is available for the purpose.
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ITI. STATIC CONVERTER PARALLELING EVALUATION

A. Single Converter Operation Test.

Terminal board interconnections were made on each inverter/converter
model in accordance with Figure 10 of the Second Quarterly Report (Figure 75
of this report). This changes the static inverter output from wye to delta and
connects this output to a three-phase full-wave rectifier. The output of the
rectifier is considered the output of the static converter model. This d-c out-
put voltage was connected to the same zener voltage reference and voltage regu-
lator circuit that was used for the static inverter. By adjusting resistor R15,
the converter output voltage was set to regulate at the rated converter output
voltage, 153.5 volts d-c.

The converter output current was caused to pass through a transductor
which was designed to produce a d-c output voltage proportional to the converter
d-c output current. The transductor output voltage appears across a variable
resistor, R69. This variable resistor was set in each static converter model
by applying rated load (4.88 amperes d-c) to each converter and adjusting
resistor R69 until 20 volts d-c was measured across it. The transductor oper -
ating characteristics were recorded for each model from 0 to 6 amperes. This
data is recorded in Figures 36 and 37 for converter model #1 and #2 respectively
and is plotted in Figure 38. Figure 38 shows the good linearity and repeat-
ability which can be obtained from these simple-saturable-reactor circuits. This
linearity and repeatability is necessary to obtain good current division between
or among converters over wide load ranges.

B. Load Division Circuit Modification.

When the two converters were connected in parallel, the load current was
not shared equally between converters as planned. Instead, all of the load current
was supplied by whichever converter had the highest output voltage. The load
division circuit had no effect at all on the division of load. By careful examina-
tion of the converter load division method, described in the first quarterly report,
the reason for the poor load division was determined and has been corrected by
circuit modification.

The original converter load division circuit is shown in Figures 14 and
27 of the first quarterly report. For converter operation, the zener diode voltage
reference (CR55, CR56, R18, R19, R15, R68) is connected to the converter out-
put voltage by a jumper wire from "S3" to "+ output'. The output of this bridge
type voltage detector acts through R17 and a control winding of the magnetic-.
amplifier in the voltage booster to maintain the converter output voltage at a level
predetermined by the setting of resistor R15. This voltage regulator circuit must
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The second load division method was actually incorporated in the two model
converters and is shown schematically in Figures 4 and 39. This method uses the
same transductor and voltage detector that were designed for the original load
division method but, only one magnetic-amplifier control winding is required.
Figure 39 will be used to describe the operation of the modified load division
circuit and shows two converters connected in parallel. The converter operation
and voltage regulation method are unchanged and have been previously described.
The only change in the voltage sensing circuit is that voltage dropping resistors,
R68 and R15, have been connected to the negative output terminal rather than the
positive output terminal. The transductor circuit remains unchanged except for
the addition of a filter capacitor, C21, across its output. This capacitor and a
converter output filter, L6 and C22, were found necessary to prevent low fre-
quency modulation of the individual converter load currents during parallel oper-
ation. When CONVERTER A LOAD CURRENT equals CONVERTER B LOAD CUR-
RENT, the transductor outputs across R69A and R69B are equal. During this con-
dition, there is no potential difference to cause a current to flow in the Y1 circuit.
If CONVERTER B LOAD CURRENT exceeds CONVERTER A LOAD CURRENT,
then the voltage across R69B exceeds the voltage across R69A and a current,

Iy1, will flow in the direction shown. This current reduces the voltage drop
across R68B-and R15B which increases the voltage across-the voltage detector
bridge: R18B, R19B, CR55, and CR56. The unbalanced bridge causes a current
to flow in the magnetic-amplifier control winding in the direction shown; this
control current causes the associated voltage-booster to reduce the d-c voltage
applied to INVERTER B which causes CONVERTER B LOAD CURRENT to de-
crease. The polarity of I'y] shown, causes the opposite effect in CONVERTER
A LOAD CURRENT. These effects together tend to cause the converter load
currents to remain nearly equal. Any number of similar converters may be
connected in parallel by this method.

The gain required of the converter load division circuit to assure that a
given converter will supply no more than 10% above or below the average con-

verter output current was determined on page 38 of the first quarterly report
to be:

JE 0.944 P.U. d-c volts
OdIpr T P.U. d-c unbalanced current

The gain required is inversely proportional to the permitted load unbalance.
The load division circuit modification decreased the gain of the circuit. The
new load division circuit gain will be calculated below.

The converter internal voltage, E, (i.e., the no-load output voltage)
will change an amount equal to the voltage across resistors R68 and R15 which
is caused by current Iyj. The transductor output voltage can be considered a

voltage source with an internal impedance of R69. The transductor output volt-
age is related to the converter output current by the following ratio:

53




v

24

20

[y
(o2}

(o)

Transductor Output Voltage
(d-c Volts Across R69)
b
N

Figure 38. Linearity of Transductor Unfiltered Output Voltage

IND
\\\
\

Transductor #2 ot
/Vl;l’
]
4 Transductor
/
4 -
4
}/
2 3 4 5 6
Converter d-c¢ Output Current
(Amperes)

51




f

.

have high gain to maintain good output voltage regulation. The required voltage
regulator gain, %E , was determined (see pages 36 and 37in first quarterly report)
Vs
to be -22.87 to limit the no-load to full-load voltage droopto 0. 0061 P.U. volts.
This gain means that if the converter is operated ""open loop™", (i.e., the output
voltage sensing circuit is disconnected from the converter output terminals) a
one-volt increase in sensing voltage will decrease the converter output voltage
22.87 volts.

The original converter load division circuit was designed to have a gain,
OE | of 0.244 P.U. d-c volts . The converter load division circuit
JIpr P.U. d-c unbalanced current
output acts through a second control winding on the same magnetic-amplifier and
has this gain when the output voltage sensing circuit is inoperative. However,
when the output voltage sensing circuit is operating and maintaining the converter
output voltage at 153.5 volts, then the converter load division circuit has prac-
tically no effect on the converter output voltage. The small current, which the
load division circuit passes through the second control winding on the magnetic
amplifier, is cancelled out by control current from the output voltage sensing
circuit. Therefore, when one converter output voltage was set at 154 volts and
the other converter was set at 153 volts, before paralleling, the output voltage
of both converters would be 154 volts, after paralleling. This output voltage is
one volt too high for the converter that had been set to regulate at 153 volts. Its
voltage sensing circuit causes its booster voltage to decrease and that converter
supplies no part of the load current. This condition would continue until an in-
creasing load caused the output voltage to decrease to 153 voits or less.

At least two methods are available to correct this unacceptable load
division circuit. One method, currently being used on regulated a-c to d-c
converters, uses three control windings on the magnetic amplifier. 1) One
winding has a relatively large constant d-c current through it, usually derived
with a resistor from a constant voltage source. This control current polarity
tends to increase the converter output voltage. 2) A second winding has a rela-
tively large d-c current through it which is proportional to the converter output
voltage. This control current polarity is opposite of the first winding and is
adjusted so that the converter output voltage is at the desired level. 3) The third
control winding is connected in the same manner as winding R2-L2 in the original
load division circuit. Current in this winding must be proportional to the differ-
ential load current. The polarity of this winding must be such that the converter
output voltage tends to increase when the converter is supplying less than the
average of all converter output currents and vice versa. This is an acceptable
converter load division method for applications where close voltage regulation
limits are not required over wide temperature ranges. For good voltage regula-
tion with this method, the magnetic-amplifier characteristics must remain
essentially unchanged for all operating temperatures. This method was not con-
sidered further because of this inherent application restriction.
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Transductor output volts 20 volts
Converter load current = 4.88 amps

If converter B output current exceeds the average converter output current, the
difference between transductor B output voltage and the average transductor

output voltage will be proportional to the differential current Ing. The portion

of the differential transductor output voltage which affects the voltage across
resistors R68 and R15 is determined by the ratio of R68 + R15 to R68 + R15 .+ R69.
The modified load division circuit gain is therefore:

OE — Transductor output volts x R68 + R15
SIpg Converter load current ~ R68 + R15 + R69

_ 20 volts x 4.46K
— 488 amps =~ 5.56K

converter d-c volts change
d-c amperes unbalanced current

= 3.28

This gain calculated in per-unit values is:

.88 d-c amperes
P.U. d-c amperes

0E 393 x1P.U. d-c volts 4
Shhr o 153.5d-cvolts . 1

_ P.U. d-c volts
= 0.105 P.U. d-c unbalanced current

This modified load division circuit gain can be expected to limit the load un-
balance to:

10% x 0:244 93 5
0% 5105 = 23-2%

This is not a close limit for a load division circuit. However, from the derivation
of this gain, it is apparent that the load division circuit can be designed to have
any desired gain for any desired load division limit. The load division circuit
gain can be increased by increasing the rated transductor output voltage. Actual
test results of this modified load division circuit are given in the next section.

C. Load Division Circuit Evaluation.
To evaluate the parallel performance of the modified load division circuit,
the two static converter models were interconnected in the laboratory as shown

in Figure 40. The meters and load resistors used for this test are shown in the
left foreground of Figure 40 and are shown schematically in Figure 41.
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The transductor operating characteristics were measured again. Test
results are given in Figure 42 with a four microfarad capacitor added across
R69. The addition of this filter capacitor across the transductor output re-
quired a small adjustment of R69 but the operating characteristics are essentially
the same as shown in Figure 38,

When the two converters were connected in parallel, load current was
shared better than expected. The requirements for paralleling converters are
simple compared to paralleling inverters. The converter output voltages must
be nearly the same before paralleling. The Y1 terminals must be connected
together at the same instant the converter output terminals are connected in
parallel. For the initial paralleling evaluation, each converter output voltage
was set at 153.5 volts, no-load, prior to paralleling. After paralleling, load
division was determined for 0, 25, 50, 75, 100, and 125% loads. These test
results are recorded in Figure 43. Oscillograph recordings were made of both
converter output voltages and currents during the paralleling operations. Fig-
ures 44 and 45 are calibration traces taken during isolated operation. Figures
46 through 51 are oscillograph recordings made during the paralleling operations
with from zero to 125% rated load on each converter prior to paralleling.

To demonstrate that an unloaded converter can be paralleled with a
fully loaded converter, data were recorded under these conditions on Figure
52. Figure 53 is an oscillograph recording of this paralleling transient. The
load current unbalance between converters was 3.4% after paralleling.

To demonstrate that large load transients can be sustained by the paral-
leled converters, the unloaded converters were connected in parallel. A 100%
rated load was then applied simultaneously to both converters. The successful
test results are recorded in Figure 52. Figure 54 is the oscillograph recording
of this load transient.

Identical regulated static converters will share load perfectly when
paralleled without a load division circuit if the regulated voltage of each converter
is exactly the same before paralleling. However, this is usually not the case.
The real purpose of incorporating a load division circuit in each converter is to
assure that load current will be satisfactorily divided for the general case when
the regulated voltage of each converter is not exactly the same before paralleling.
To assure that the incorporated load division circuit satisfactorily meets this
purpose, a series of tests were conducted with the regulated voltage of each
converter intentionally set to different levels before paralleling. For one series
of tests, one converter no-load output voltage was set at 152 volts d-c and the
other converter no-load output voltage was set at 154 volts d-c, prior to paral-
leling. After paralleling, the converter output voltage became 153 volts d-c
which is the average of the two output voltages prior to paralleling. Test results
are recorded in Figure 55 for loads from 0 to 125%. The maximum load current
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Figure 43. Test Results for Parallel Converter Operation
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Flgure 55. Test Results for Parallel Converter Operation with No-Load
Converter Output Voltages Preset at 152 and 154 Volts D-C
Prior to Paralleling



unbalance was 2%. Figure 56 is an oscillograph recording of the paralleling
transient with 100% load connected to each converter prior to paralleling.

For a final series of tests one converter no-load output voltage was set
at 148 volts d-c and the other converter no-load output voltage was set at 158
volts d-c prior to paralleling. After paralleling, the converter output voltage
became 154 volts d-c which is nearly the average of the two output voltages prior
to paralleling. The results for this series of tests are recorded in Figures 57

and 58. The maximum load current unbalance was 17.3% which is very good for
these test conditions.

NOTE: The signal which appears on the bottom of all converter
paralleling oscillographs to indicate whether the converters
are paralleled or isolated is controlled by an auxiliary con-
tact on the paralleling breaker. This signal occurs from
3 to 5 milliseconds before the converters appear to be
paralleled (see Figures 46 through 51 for examples). It
is believed that the particular breaker used for parallel-
ing the converters had this characteristic. That is, the
auxiliary contacts actually closed before the main contacts

closed. This was not noticeable with the breaker used to
parallel the inverters.
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IV. WEIGHT REDUCTION AND RELIABILITY IMPROVEMENT
BY PARALLELING STATIC INVERTERS

This part of the report presents an analysis of the factors involved in
achieving higher reliability and reduced weight in moderate power static-inverter
systems. Several system configurations are discussed, and numerical examples
are given to highlight the advantages and disadvantages of each arrangement.
The intention is to provide general background information that will help the
system designer decide the direction of future study efforts and specify the best
system configuration for a particular application. The discussion is concerned
specifically with d-c to a-c static-inverter systems operating at power levels
suitable for spacecraft auxiliary power, although many of the principles dis-
cussed are applicable to other kinds of inverter systems; for example, d-c to
d-c conversion in the megawatt range, as required for spacecraft electric pro-
pulsion.

Three types of systems are considered in the following discussion. They
are:
1. Single inverter, handling full system power.
2. Several inverters; one operating and the rest used as standby, or
backup, units.
3. Several inverters operating in parallel.

The choice of the best system depends on many factors. For this reason, the
three kinds of systems will be discussed separately and the factors affecting
weight and reliability of each will be described. Comparisons between the
different systems will then be made to point out the primary advantages and dis-
advantages of each configuration.

A. Factors Affecting Weight and Reliability of a Single Static-Inverter.

The most important factor affecting the weight of an inverter is its power
rating. In general, higher power capacity is achieved through using larger and
heavier electrical parts. These parts, in turn, require more massive mechan-
ical supporting members.

Another factor is the quality of power required from the inverter. Accurate
‘voltage and frequency regulation, phase displacement regulation and low harmonic
content all require additional electrical components, which add weight. Some
inverters, designed for the relatively undemanding task of driving induction motors,
allow a drastic weight reduction by eliminating all power transformers and filters,
This is an extreme example of the effect of power quality on weight.
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The means of cooling and the temperature of the cooling medium will
affect the weight of an inverter. As the temperature of the coolant approaches
the operating temperature of the inverter components, the inverter weight rises
sharply. However, for reasonably low coolant temperatures, the particular
cooling system used will not have a very large effect on inverter weight. The

appropriate kind of cooling system is usually determined on bases other than
minimizing inverter weight.

Another variable is input voltage. There is an optimum input voltage for
every inverter design, and wide variance from the optimum causes reduced

efficiency and increased weight. A desirable input voltage for transistor inver-
ters is 56 volts.

- Unlike an electrodynamic inverter (motor-generator), a static inverter
has very little inherent capacity for overload. If the inverter is required to
carry overloads, the weight goes up considerably, because the unit must be

designed essentially for the peak power requirement, rather than the normal load.

There are many other things that affect the weight of a single inverter,
but the above considerations are the major ones.

With so many factors modifying the basic weight to power relationship,
it is not possible to predict the weight of a new inverter design with any great
accuracy, without actually going through the complete design process. However,
to meet the need for some standard of reference to be used in the numerical
examples given later in this report, a curve has been prepared showing typical
valucs of weight vs. power rating for static inverters. This curve, Figure 59,
has been drawn on the basis of empirical data and represents, approximately,
the present state-of-the-art. The equation of the curve, Wgt —33(KvA)9-59,

results from inspection of the graph, and not from any theoretical consider -
ation.

Several of the factors that affect weight also affect reliability. In partic-
ular, any electrical parts that are added to accomodate varying input voltages
or to provide higher quality output power will reduce reliability. The means of
cooling, and more especially the operating temperature, will have an important
effect on reliability. Higher operating temperatures reduce inverter reliability,
because the reliability of all electrical components is reduced by elevated tem-
peratures.

Environmental conditions, such as vibration, temperature cycling and
acoustic noise will affect the inverter's reliability by causing material fatigue
and thermal stresses.

Electrical design has a strong influence on reliability. Proper choice of

- components, simplicity, use of protective devices, use of redundancy and worst

case design are some of the techniques used to increase the reliability of an
inverter.
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In the final analysis however, the determining factor in reliability is
time. The Department of Defense defines reliability as, "The probability that
a piece of equipment will give satisfactory performance for a specified period
of time, under specified operating conditions'. This is the definition to be used
in this report. The lifetime of a piece of equipment, such as an inverter, is
usually thought to be composed of three periods. The first period is the early
failure, or '"burn-in' portion. The second is the so called "random-failure"
period, and the third is the end-of-life or "wearout' period. The failure rate
is high during the first and third periods and relatively low during the second
period. Usually an inverter to be used in as critical an application as space-
craft auxiliary power would be tested for a considerable time prior to launch;
long enough to cover the early-failure portion of its life. Also, the duration of
the mission would be expected to be short enough so that the wearout period
would not be reached. Thus, attention is concentrated on the random-failure
portion of the inverter's lifetime.

During this period, the reliability of the inverter may be described as
a function of time. The equation is

28 -ft -t
@8) R_ ef_e-yrpy

where R is reliability
t is time
f is failure rate

MTBF is mean time between failures, or mean time to failure
of a non-repairable item.

The applicability of this equation to complex electrical equipment has been
theoretically and empirically demonstrated and is generally accepted. The
equation is plotted in Figure 60 to show graphically the dependence of reliabil-

ity upon time. The units of time on the horizontal axis are MTBF units. The
ordinate, reliability, is the probability that the inverter survives for the specified
period of time, assuming it was operating successfully at time zero. An interest-
ing feature of this curve is that time zero may be defined at any point during the
random -failure portion of the inverter operating life. That is, the probability
that the inverter will survive for a specified period of time does not depend on
how long the unit has been operating previously. The only criterion is that it be
operating at the moment the observation is begun.

The reliability curve and the weight curve will be used in numerical
examples, after the multiple-inverter power systems are discussed.
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B. Factors Affecting Weight and Reliability of Multiple Inverter Systems
Using Standby Redundancy.

Inverter systems using standby redundancy may be described as follows.
Several inverters are carried aboard the spacecraft. Each of these units is
capable of handling the full power load. The first unit operates until it fails,
when an automatic changeover circuit will place the second unit in operation.

If the second inverter fails, the third unit is started, etc. Thus, if the system
contains N inverters, N-1 changeover circuits are required.

This kind of system utilizes the simplest form of redundancy, and is
capable of much higher reliability than a system having only one inverter. In
theory, any desired degree of reliability may be obtained, simply by incorpor -
ating a sufficient number of properly designed inverters. To achieve the best
reliability, the changeover circuits must also have high reliability. Any un-
reliability in the changeover circuits will reduce the reliability of the system.
However, it should be feasible to make a changeover circuit having a relatively
small failure rate, because the number of parts can be much smaller than the
number of parts used in an inverter. In a manned vehicle, the changeover func -
tion would probably be performed by a man. However, this report assumes an
electronic changeover device.

The reliability and weight of the standby type of system depend upon the
weight and reliability of the individual inverters and changeover circuits, and
upon the total number of units used. Obviously, it is desirable to begin with the
most reliable inverter design that is available. Considering only the straightfor -
ward types of inverter designs, i.e., those having no internal redundancy, the
most reliable design should not necessarily weigh any more than the less reliable
ones. The actual weight of the inverter will depend on the several factors men-
tioned earlier, chief among them being power rating.

Given an inverter of sufficient power rating, equal to the system power
rating, and a reasonably high reliability, the next requirement is a changeover
circuit having high reliability and light weight. This should present no partic-
ularly difficult technical problems because, as mentioned earlier, the change-
over circuit may be made with relatively few parts, operating at a low stress
level.

Once the basic building blocks are available, it is a straightforward
matter to determine the system configuration. The reliability of the system
depends upon the reliability of the component parts, according to the following
equation, derived in Appendix ITI.

(29) Rg=1-(1-Rp(1-RR)*1

where Rg = system reliability
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Ry — inverter reliability
Rc¢ = changeover circuit reliability
n = number of inverters in system
n-1 — number of changeover circuits in the system

The various reliabilities are calculated from equation (28) assuming the failure
rates are constant.

The use of the above equations will be illustrated by a. numerical example.
This example has further application to the present discussion.

Example #1.

A, Suppose that a system is contemplated whose power requirement
is such that a single inverter can carry the full power load.

B. Further, suppose that a reliability calculation has shown that the

inverter has an MTBF of 5,000 hours, under the expected conditions
of operation.

C. Suppose that a changeover circuit has been designed, having a
calculated MTBF of 60,000 hours, under the expected operating
conditions.

Question:

If the mission duration is 1,000 hours, and the required reliability of

the inverter system is 0.99, how many inverters must be used

in a standby configuration ?

Solution:

Solve equation (29) for n.

1 -
ne 14\ o€ I
(lOge 1 —RIRC)

Rg (specified) = 0.99
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From equation (28):

~1000
Rp=e 9900 =0 g185
~1000
§0, 000
Rg =e _0.9835

1-R ‘
log S =_]_og 0,01 — o
®1R; © 70.1815 ~ ~2.90

loge (1-RiRC) = loge (0. 195) = -1.635

n=14-2.90 ): 1+1.71

\-10 635
n=2."171

The results state that 2,77 inverters must be used. Obviously, the choice
amounts to using 2 inverters and accepting poorer reliability than specified, or
using 3 and accepting a weight penalty.

It is precisely this kind of situation that is alleviated by having the ability
to parallel inverters. The numerical example will be extended in the next section,
to demonstrate the advantage of a parallel inverter configuration.

C. Factors Affecting Weight and Reliability of Paralleled Inverters.

The first requirement is a means for successfully operating the inverters
in parallel. In addition there must be an automatic protection circuit. that will
assure that a failed inverter will be removed from service before it can cause
trouble in the rest of the system. The first of these requirements has been
accomplished and is the concern of the main part of the present study contract.
The task of developing the means for automatic paralleling and protection has
been added to this contract and will be the subject of the next quarterly report.
For the present, it is assumed that both the means for paralleling and the means
for automatic protection are at hand.

The numerical example that follows will demonstrate one of the advantages
of paralleled inverters; specifically that the system may be tailored closely to
the reliability specification, eliminating the dilemma encountered in the preceding
example, Further advantages of parallel systems will be discussed after com-
pletion of the example.
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Example #2.

Suspose a syste-m"is to be designed to perform the same function as the
system of Example #1, except that four inverters are to be used, oper-
ating in parallel.

A, Inverter MTBF remains at 5000 hours.

B. Mission duration remains at 1000 hours.

C. Required reliability remains 0.99.

Assume that an automatic paralleling and protection scheme has been
designed, having an MTBF of 25, 000 hours (comparison to 60, 000 hours
for standby changeover scheme reflects greater complexity expected in
paralleling scheme).

Question:

If two of the four inverters may fail without causing system failure, what
will be the system reliability and weight ? Compare to the previous example.,

To solve this problem, an additional equation is required; the binominal expansion,

Let R = reliability (of an item)
Q = unreliability (probability of failure)
By definition R+Q =1

Hence R+Q)*=1"=1

For a system containing four items,

(R+Q)4 =1

[—-.‘--

Expanding:
30) R*+4QR3+6Q%R%2+4Q%R + Q%=1
The terms of the equation express the following relationships:
R4 = probability of exactly 0 failures out of 4 items.
4QR3 = probability of exactly 1 failure out of 4 items.

6Q2R2 = probability of exactly 2 failures out of 4 items.
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4Q3R = probability of exactly 3 failures out of 4 items.
Q4 = probability of exactly 4 failures of of 4 items.
The proof of this interpretation is too lengthy to be presented here and can be

found in Statistical Quality Control by E. L. Grant (2nd Ed., McGraw Hill, 1952,
pg 204) and several other texts and reports.

In the particular example under discussion, the system will fail only under
two conditions: (A) if 3 out of 4 items fail, or (B) if 4 out of 4 items fail. Hence,
the probability of system failure Qqp = 4Q3R + Q4 and the system reliability
Rgp = 1-Qgp. It remains to find ﬁ})e values of Q and R.

Let an "item' be defined as an inverter and its associated set of parallel-
ing and protection circuits.

Ry = 0.8185, from the previous example

Rp — reliability of paralleling circuit

ot -1
Rp=ec WTEF = e 75 =0-9608

Then R =Ry * Rp =0.786
Q=1-R=0.214
Qgp = 4Q3R + Q% = 0. 00518
Rgp = 1-Qg = 0.99482 = system reliability
This is adequate to meet the specification.

To make a comparison of weights, Figure 59 will be used together with
some assumptions.

It is assumed that the changeover circuit of Example #1 weighs 1 pound,
and the paralleling and automatic protection circuits of Example #2
weigh 2 pounds. These are reasonable estimates for the simplest kind
of equipment, usable up to about 10KVA system power ratings.

The power level of the system is assumed to be 3 kilowatts.
For the backup system of Example #1, the designer would be forced to

use 3 inverters to meet the specified reliability. Each inverter would be
rated 3KW.
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In Example #2 four inverters are required; each rated 1.5KW.
Weight of standby type system:
From Figure 59’9 each inverter weighs 64 pounds.
Changeover circuit weight = 2x1 lb;, : 2 Ibs.
Total weight = 3 x 64 + 2 = 194 Ibs.
Weight of parallel type system:
Each inverter weighs 42 pounds.
Each paralleling circuit weighs 2 pounds.
Total weight = 4(42 + 2) — 176
Weight saving = 18 1bs. =9.3%

The preceding examples illustrate one of the advantages of paralleling
inverters; weight may be saved by tailoring the system to the reliability require-
ments. It is a general rule that increasing reliability by redundancy always
results in higher weight. This is true in parallel systems, as well as standby
type systems. The advantage of paralleling is that the designer is not forced to
accept a higher reliability and weight than is actually required. Because the
weight of the paralleling circuits is not a function of rating, more weight will be
saved as system power rating goes above 3KW. Furthermore, the reliability
of the individual inverters used in a parallel system may actually be higher than
the reliability of the standby type units, because the lower power rating allows
the use of fewer parts in the parallel units. Hence, the potential weight saving
may be greater than example indicates.

To help determine the number of inverters that should be used in a
redundant system the following two general rules are helpful. First, reliability
is increased by allowing a greater fraction of the total number of inverters to
be potential failures. For example, allowing for two out of four failures will
give greater system reliability than allowing for one out of four. Second, given
a certain fraction allowed to fail, greater reliability results from using more
units in the system. For example, a system having 6 inverters of which three
may fail, is more reliable than a system having 4 inverters of which two may
fail. Minimizing system weight is a matter of finding the combination having
the smallest total number of units, that will just meet the specified reliability.

There are several other factors involved in parallel inverter system

design, some of which are undoubtedly of greater importance than the potential
weight reduction.
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It will be recalled that in the examples it was assumed that the MTBF's
of the various system components were known, through calculations. While
convenient for illustrative purposes, such an assumption does not reflect a
typical situation. Reliability calculations depend on empirical data, which are
never as complete as one would like.. Electrical parts are tested, under various
conditions, and reliability predictions are made on the basis of the data that are
gathered. However, the test conditions rarely duplicate the exact conditions
encountered in actual use.

Frequently, a new design demands parts for which no reliability test
data are available. In these cases, the reliability analyst is forced to estimate
the parts' reliability, based on data for similar parts tested in the past. The
accuracy of such estimates is not known. For these reasons, the accuracy of
a reliability analysis performed on as complex a piece of equlpment as a new
inverter design is always open to question.

Equipment frequently fails prematurely because certain electrical or
environmental conditions were not foreseen during the design and thus, were
not accounted for in the reliability analysis. Often, such failures do not occur
until after the equipment has been tested and placed in service. Obviously,
the way to avoid such troubles is to gain field experience, analyze failures and
modify the design until adequate reliability is achieved. This is where the
ability to parallel inverters can be very advantageous. In a parallel system,
older more refined inverter designs can be used, and the system reliability
can be predicted with confidence. Higher power systems would simply use
a larger number of inverters. By contrast, the standby type of system would
probably require a new inverter design for each new power level; resulting
in lower reliability, less confidence in the reliability prediction, and higher
cost as well.

It is not meant to imply that, if paralleling were an accomplished fact,
no new designs would ever be required. But the number of new designs could
certainly be reduced, and new designs could be brought forth at a more relaxed
pace, in keeping with advances in material and component technology. Also,
the system designer would have available better design information and have
it sooner.

The ability to reach high power levels is another advantage of paralleling.
As space technology advances, the electrical power requirements of vehicles
will almost surely increase. However, the maximum power that can be deliv-
ered by a single static inverter is limited by the power rating of the electrical
parts, such as transistors, available at the time the inverter is designed. Of
course, paralleling of load-carrying elements within the inverter offers greater
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power capacity, but at the expense of efficiency. Internal paralleling always tends

to reduce efficiency. This effect becomes more pronounced as the number of
parallel elements increases.

Paralleling of whole inverters is free of these defects. The inverters
will operate at normal efficiency and temperature, while the paralleling circuits
consume very little additional power. Furthermore, the presence of several
inverters in the system allows for a considerable increase in reliability, much
better than a single inverter using paralleled elements.

The parallel redundant system offers the advantage of a higher overload
capacity than the standby redundant system, during the early stages of the mission
while all the inverters are still operating. This can be an advantage, for instance,
where the load includes induction motors requiring high starting currents.

Another potential advantage of parallel inverter systems is that a con-
tinuous flow of power may be maintained, even if one inverter should fail. This
is in contrast to the standby type of system, in which the functioning of the change-
over circuits will cause a momentary loss of power, perhaps detrimental to the
load equipment.

Figure 61 summarizes the major points covered in this part of the report.
It shows the relative advantages of each of the three approaches.

The parallel inverter system offers the most flexibility and the highest
potential power capacity of the three approaches discussed. The reliability
and weight may be traded off to effect a suitable compromise for each appli-
cation.
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_Type of System

Single Inverter

Standby Redundant

Pax;allel
Redundant

Reliability Inadequate for " Improves in discrete | Any specified
extended steps as more units reliability may
missions are added be met precisely

Weight Lightest weight Weight depends on Weight depends
per unit power reliability on reliability

Maximum Power | Limited by Limited by compo- Unlimited -
components nents Any number of

units may be
paralleled

Complexity Simplest Complex Most complex

Result of Permanent loss Momentary loss No loss of

Failing One of power of power power

Inverter

Figure 61. Comparison of Inverter Systems
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V. TRANSFORMER IMPROVEMENT EVALUATION

Two inverter output transformers were assembled for evaluation and
are shown in Figure 62. As described in the first quarterly report, one trans-
former uses conventional singly-oriented silicon-iron core material, 0.011"
thick Hipersil steel. The other transformer uses a new doubly-oriented field-
annealed silicon-iron core material, known by the Westinghouse trade name of
CUBEX. Equal cross-sectional areas of iron were used in each transformer
core. Each transformer weighs approximately 7.2 pounds. The annealing
processes used for both the Hipersil steel and CUBEX steel transformer lam -
inations are described in Appendix IV.

These two transformers were first evaluated with sinusoidal excitation
voltage and then operated individually in the same static inverter test model.

A. Characteristics of Transformer Cores with 400 cps Sinusoidal
Excitation Voltage.

To obtain core loss and a-c excitation data from a magnetic core mate-
rial, it is desirable to have a perfectly uniform cross sectional area throughout
the entire magnetic path. This facilitates the calculation of the operating flux
density and the core weight. These conditions were approached with the inverter
output transformers by placing a shorted turn around each of the four interior
core legs to prevent flux from passing through these sections of the core. Then
400 cps flux was caused to follow the outside core legs by applying 400 cps
sinusoidal voltage to the four primary windings connected in series. Voltage
was applied to only half of each 90-turn primary winding, making a total
effective winding of 180 turns.

The effective cross sectional area of the outside core legs was determined
by measuring the stack height on each transformer and determining the product
of the stack height, known width (0.545"), and the stacking factor (0.95 for 0.011"
Hipersil steel laminations and 0.90 for 0.006" CUBEX steel laminations). The
measured stack height was 0.964'" for the CUBEX steel transformer and 0.909"
for the Hipersil steel transformer. The effective cross sectional area for each
core is therefore 0.47 in2,

The flux density B is a function of the applied voltage according to the
following equation:

Vx3.49x10°

B= Axfxt

gauss
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Thermocouple Locations for Measuring
Transformer Surface Temperature

¥ )
(') &

®

Output Transformer o | A Output Transformer
With CUBEX Steel f With Hipersil Steel
Core Material OB Core Material

Figure 62. Static Inverter Output Transformer Models Used in
the Transformer Improvement Evaluation
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where V = applied a-c 400 cps volts RMS
A = effective core cross sectional area; 0,47 in2
f = frequency of applied voltage; 400 cps
T = 180 turns

By substitution:

B Vx3.49x105
0.47 x400x 180

=103 V gauss

By referring to the lamination dimensions given in the first quarterly
report, the volume of iron in the outside core legs was calculated and found to
be 10.6 cubic inches. Using the known material density of 0.255 pounds-per-
cubic inch, the weight of the core which was excited in this test is 2.7 pounds.

The accurate measurement of core loss and a-c excitation is a difficult
task because the excitation current becomes non-sinusoidal as the core begins
to saturate. Conventional 0.25% Westinghouse or Weston wattmeters will not
give accurate indications when the applied currents have high harmonic content.
To avoid these problems, test data were obtained using a VAW Meter which is
manufactured by the John Fluke Engineering Company. This meter has an
accuracy of +3% over a frequency range of 20 to 20,000 cps. The recorded
test data for both transformers are given on the following two pages, Figures
63 and 64. The winding resistances were measured and the copper loss was
subtracted from the measured loss to obtain the core loss for a variety of
excitation levels. The core loss in watts-per-pound, the core a-c excitation
in apparent watts-per-pound, and the flux density in kilogauss were calculated
from these test results and plotted for comparison in Figures 65 and 66.

At the designed operating flux density of 13 Kg the CUBEX steel core
had a loss of 7.7 watts-per-pound compared with 11.6 watts~-per -pound for the
Hipersil steel core. At this same flux density, the CUBEX steel core required
13.3 volt-amperes excitation per pound compared with 21.5 volt-amperes ex-
citation per pound for the Hipersil steel core. The use of 0.006" CUBEX steel
laminations represents a 33% reduction in core loss and a 38% reduction in
required excitation when compared with 0.011" Hipersil steel laminations.
This reduction is even more significant at higher flux densities.

The total used core weight, including the internal core legs, is 3.3
pounds. Therefore, when the transformer is operated at 13 Kg, the difference

in core loss for the two materials should be (11.6 -7.7) y_a;t_t% x 3.3 pounds =
poun

12.8 watts. This can be expected to change the efficiency of the 750 VA
inverter model by approximately 12.8 o 100% = 1.7%-
750 -
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It should be noted that about half of the improvement in core material
characteristics is a result of the difference in material thickness. This is
illustrated in Figure 1 of the first quarterly report.

B. Effect of Transformer Core Material on Static Inverter Efficiency.

Tests were conducted in accordance with Section 7 of the laboratory
test specification (see Appendix I) to determine the inverter efficiency with
each different transformer installed. Inverter efficiency was determined with
loads ranging from 25 to 125 percent of full load and with power factors ranging
from 0.75 lagging to 0.9 leading. Actual test data are recorded in Figures 67
and 68. Wattmeter and voltmeter potential coils presented an additional 12
watts load to the inverter and has been included in the efficiency calculations.

The test results are plotted in Figures 69 through 72. The inverter
efficiency improved under all load conditions through the use of the CUBEX
steel transformer. Efficiency improvement at full load ranged from as low as
1.0% to as high as 2.6%. This wide range is expected because the transformer
core flux density changes as the load power factor changes; also, the antici-
pated savings in core loss of 12.8 watts is 1.7% of full load watts at unity
power factor but is 2.3% of full load watts at 0.75 power factor. The improved
efficiency of the inverter is caused directly by the reduced core loss of the
CUBEX steel output transformer. This increase in efficiency was possible
without increasing the transformer or inverter weight.

During the transformer evaluation, the surface temperature of the
transformers was allowed to stabilize at zero load and at full load, unity power
factor. The surface temperature was measured at the top center portion of
the core with thermocouples located as shown in Figure 62. The zero and full
load temperature rose to 82.5 and 120°C respectively for the Hipersil steel
transformer. The zero and full load temperature rose to 66 and 101°C respect-
ively for the CUBEX steel transformer. Normal room temperature conditions
(25°C) prevailed during the test. This lower temperature rise adds to the life
of electrical insulation and could be important on extremely long duration
applications.

C. Effect of Transformer Core Material on Static Inverter Weight.
In some applications it may be more desirable to reduce the weight of
the static inverter than to increase efficiency. The improved magnetic char-

acteristics of the CUBEX steel alloy allow the transformer designer to reduce
the weight of a transformer without changing its efficiency.
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F1gure 68 Inverter Efficiency Measurements with the CUBEX Steel
Output Transformer Installed

100




- T T

72

70

68

66

64

o
o
faury
-
s
-
L)
=
o
[¢))]
o]
=
4]
—
=1
=
-

62

60

58

Static Inverter Efficiency in Percent

56

52

25 50 75 100 125
Inverter Load in Percint of Full Load (750 VA)

Figure 69. The Effect of Output Transformer Core Material on
Inverter Efficiency for 0.75 Lagging Power
Factor Loads

101



72

70

68

66

64

62

58

Static Inverter Efficiency in Percent

56

54

52

60

0.006" CUBEX STEEIL;
0.011" HIPERSIL STEEL
25 50 75 100 125

Inverter Load in Percent of Full Load (750 VA)

Figure 70. The Effect of Output Transformer Core Material on

Inverter Efficiency for 0.9 Lagging Power
Factor Loads

102



74

72

70 HHHEH

68

66

64

62

60°

98

Static Inverter Efficiency in Percent

56

54

52

25

50 75 100 125

Inverter Load in Percent of Full Load (750 VA)

Figure 71.

The Effect of Output Transformer Core Material on
Inverter Efficiency for 1.0 Power Factor Loads

103




13

|

72

70

68 s

66

64

62

60

58

Static Inverter Efficiency in Percent

56

54

92

25 50 75 100 125
Inverter Load in Percent of Full Load (750 VA)

Figure 72. The Effect of Output Transformer Core Material on
Inverter Efficiency for 0.9 Leading Power
Factor Loads

104



To illustrate the magnitude of the weight reduction that is possible, refer
to Figure 65. Based on this comparison of core losses, CUBEX steel alloy can
be operated with a flux density of 16 kilogauss and have the same loss as Hipersil
operating at 13 kilogauss. The a-c excitation is practically the same at these
two operating conditions. For example, a CUBEX steel alloy transformer will
weigh approximately 13/16th as much as a Hipersil steel transformer having
equal efficiency. The two transformers used in this evaluation weigh approxi-
mately 7.2 pounds apiece. The reduction of (1-13/16) 7.2 pounds = 1. 3 pounds
represents a 19% reduction in transformer weight with no increase in losses.

The inverter models which were used in this evaluation have a packaged
weight of 26 pounds. By using a CUBEX steel alloy output transformer, this
packaged weight could be reduced by 1.3 pounds without reducing efficiency.
This represents a 5% savings in inverter weight.
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VI. PLANS FOR FUTURE WORK

The scope of this contract has been extended five months to include the
following additional tests:

(1)

(2)

@3)

4)

Design and build circuits which will efficiently and reliably pro-
vide automatic paralleling and protection for two or more static
inverters or converters.

Design the necessary components and devices to be used with or
in the automatic circuits.

Demonstrate the operation of the automatic paralleling and pro-
tection systems with the two existing inverter and converter
models.

Additional testing and evaluation will be done to determine the

automatic performance characteristics of the paralleled inverter
and converter systems.
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VII. CONCLUSIONS

This report contains (A) the results of the laboratory evaluations of the

static inverter and converter paralleling circuits, (B) the results of the labora-
tory evaluation of the CUBEX steel output transformer, and (C) a study of the
weight reduction and reliability improvements made possible by operating static
inverters or converters in parallel. The conclusions in these areas will be
listed separately.

A.

Static Inverter and Converter Paralleling Circuits.
1. Parallel Inverter Evaluation.

The results of the laboratory evaluation of the static inverter
paralleling circuits show that static inverters can be satisfactorily
paralleled if the necessary conditions are satisfied. Those conditions
are described, in detail, in the first quarterly report. Briefly they
are: (a) all inverters must operate at exactly the same frequency,

(b) the internal voltage of all inverters must be in phase with each
other at all times, (c) all nominal regulated output voltages shall be
the same and (d) each inverter must have provisions to insure proper
load division.

The frequency locking circuit, described in the first quarterly
report, operated properily after a slight circuit modification. This
frequency locking circuit is essentially a bi-stable circuit which allows
only one frequency standard to operate at a given time. This frequency
locking circuit can be eliminated if only one frequency standard is used
for a parallel system. This approach is recommended and will be
followed during the remainder of the contract. Each inverter will have
a unijunction-transistor -oscillator as a secondary frequency standard
which will be synchronized with one primary frequency standard prior
to connecting the inverters in parallel.

The phase locking circuits also operated properly. However, the
operation of the phase locking circuits causes a one cycle transient to
appear at the output terminals of one or both of the inverters. This one
cycle transient may be detrimental to some loads and can be eliminated
if the frequency locking circuits are energized at an instant when the
countdown circuits of both inverters are in phase. This procedure is
recommended and will be incorporated into the automatic paralleling
circuit which will be developed during the remainder of this contract.
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The actual gain of the load division circuits was 9.5% higher than
the design gain. The actual load division between paralleled inverters
was much better than predicted by the design procedure outlined in the
first quarterly report. The test results demonstrated conclusively that
both real and reactive load can be divided satisfactorily between paral-
leled static inverters. Any reasonable load division requirement can
be met and any number of inverters can be operated in parallel with this
method.

2. Parallel Converter Evaluation.

The laboratory evaluation of the static converter paralleling cir-
cuits shows that static converters can be operated in parallel if the
necessary conditions are met. Those conditions are: (a) the converters
must have the same nominal regulated output voltage, and (b) have
provisions in each voltage regulator circuit to cause the converters to
share load current.

The converter load division circuit described in the first quarterly
report did not operate properly for reasons discussed in this report.
A modified load division circuit was designed, incorporated into the two
static converter models, and gave very satisfactory load current division
during the laboratory evaluation. This converter load division method
is adaptable to a wide range of converter output voltages and currents
and can be designed to give any desired load division accuracy. Any
number of converters can be operated in parallel with this method.

It was necessary, in the test model converters, to filter the con-
verter output voltage to eliminate a low-frequency output-voltage-
amplitude modulation which occurred during parallel operation. This
voltage-amplitude modulation was caused by the slight frequency differ -
ence between the two tuning fork oscillators used as frequency references
in the inverter portions of the test models. This output voltage filtering
may not be necessary in converters which obtain a d-c output voltage by
rectifying a square-wave voltage.

Transformer Core Evaluation.,

The effect of using field-annealed doubly-oriented CUBEX steel core

material in place of singly-oriented Hipersil steel core material was deter-
mined by laboratory evaluation. CUBEX steel has lower losses for a given
flux density that does Hipersil steel. When both cores were operated at 13
kilogauss the CUBEX steel core had 33% lower core loss and 38% lower excita-
tion required than did the Hipersil steel core. The weight of the CUBEX steel
core could have been reduced by 19% to obtain the same core loss that the
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Hipersil steel core had at 13 kilogauss. Approximately half of the material
improvement noted above is a result of the fact that the CUBEX steel lamin-
ations were 0.006" thick and the Hipersil steel laminations were 0,011 thick.
However, the use of CUBEX steel still offers significant improvements in
weight and/or efficiency.

C. Weight Reduction and Reliability Improvement Study.

Three different static inverter power system approaches were considered
in this study. Those approaches were (1) single inverter system, (2) standby
inverter system, and (3) parallel inverter system. The study shows that the
parallel inverter system offers the most flexibility and the highest potential
power capacity of the three approaches. The reliability and weight of a parallel
inverter system may be traded off to effect a suitable compromise for each
application. The single inverter system is considered unsatisfactory for extended
missions. :

109



APPENDIX I

LABORATORY TEST SPECIFICATION FOR
TRANSFORMER AND PARALLELING

EVALUATION
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am 11-81 LPLCO

SPECIFICATIONS FOR LABORATORY TEST NO.N4-202

[ Dept. 81. (Engr. to send all four copies to lab.) Lab. adds 20006-1B
cost and schedule and returns 2 copies to: Scheduled SE/PE 20006~ Priority
0. . Engr. Dept.—Eng. Dept. elerk distributes; )
) Trouble Docket or Development Project No.
D 1 copy to Section File D 1 copy to Engr. Mgr. :
FILE—Del. Fol. Section after above is crossed out. Sample LY P18292 & 3 Charge _See Below
APPARATUS: (2) Inverter/Converter Test LY Eng. Test
Models (P/N LYP18293J1 and (1) Trans-
former (P/N LYP18292D1) Hours $ Start Cpt
OBJECT: (1) To demonstrate feasibility
of paralleling inverters & converters.|Frame/Type Rotation
(2) To evaluate performance of a trang- (Ead opposits shaft)
former utilizing field annealed doubly |[P/N G.0.CLD 22790
oriented silicon-iron in an inverter
circuit and compare results with Customer
those of conventional transformer
core materials. Style Section
Diag. AC
OUTLINE —_— Line Wiring Diag WAF DC wad.
HP ) rated max.
RATING KVA \'4 A rpm. rpm. Ph. Cy.
Main Aux. Total Check and
Res *C: Arm Shunt. Series Comp LP. Coil record all res.
Brush (After running
Excitation A\ 4 A. Setting in brushes.)
Winding CW., Comm. Brake tests Ground test
Off Neutral bars CCW. bars. at fld. temp. °C. 60cy., 1sec V.
Ounces
Brushes: Nn Grade, Size g w. tk. Dwg pressure _2
Open inches Special
Ventilation: Forced Encl CFM water Dia. tube Enclosure
Thermoguard Switch
Capacitor: mfds. S No Spencer No Op. Speed
Comm. test is/is not to be approved prior to curve test. Govt. witness test: USAF. USN. None.
Other test letters,
Test Specs on same unit or set-up
Record Data Plot Check
on Forms Curves Weight

DISPOSITION AFTER TEST:_________ Engineerind Storeroom

INSTRUCTIONS and PROCEDURE: (Engineer to requisition all associated apparatus listed below.
Laboratory to provide all test equipment required to perform tests.)

Sections 1, 2, 3, 4, and 5: (Charge E2N-5()-LYP18293)

Section 6: (Charge E2N-5 () -LYP18292)

L1 ‘)U“

Signed G.W.Ernsberger /S\ﬁw Engineer—Date__1,10 .64 Test No._N4-202
U’

Approved R.L .Gasperetti Section Manager L. Sub

111




Test Equipment Required

No.

Description

DN DN = = DN

NN NN DN

Unless

(@)
(b)
(c)
(d)
(e)
(f)

1.0

0-32 volt, 35 amp, d-c power supply (E1, E2)
0-30 volt, d-c voltmeter

0-50 amp d-c ammeter

Oscilloscope, 10 Mc, dual channel

3 phase circuit breaker, 10 amps, 150 volts
DC vacuum tube voltmeters 0-30 volt

3 phase, 400 cps, 115V, 0-500VA/@, P.F. 0.9 leading to 0.5 lagging,
load bank

0-150V a-c rms voltmeter

0-5 amp a-c ammeter

0-500 watt a-c wattmeter

Frequency counter

Selector switch box for voltmeters

Recording oscillograph

0-200V d-c voltmeter

0-10 amp, d-c ammeter

0-1000 watt d-c wattmeter

otherwise specified instrument accuracy shall be as follows:

Frequency +1 cycle
RMS voltage +.25%
DC voltage +.25%
RMS current +.25%
DC Current +.25%
Watts +.25%

Measurement of Reactive Load Division Circuit Loop Gain.

Connect inverter model in test circuit described in Figure 73. Set input
d-c voltage (E1) at 28 + 1 volts.

1.1 Connect a three phase load on output terminals A2, B2, and C2 to
N (Figure 8) such that the output load current is 1.0 PU, (2.18
amps/phase) .5 PF lagging, Measure the output voltages. These
voltages should be 67.5 + 10 volts rms line-to-neutral. Record
the output voltages, currents and watts under this condition.

NOTE: The output voltage should decrease as the load current is
increased. Therefore, the impedance of the load will have to be

reduced accordingly to obtain 1.0 PU output current under these

conditions.
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2.0

Test of Frequency Lock Circuits.

2.1

2.2
2.3

2.4
2.5

2.6

2.7

2.8

2.9

Connect two inverters as shown in Figure 74. Do not connect d-c
power supplies as shown in Figure 74. Open all switches. It is
not necessary to connect the load nor output meters for this test
of frequency lock circuits.

Disconnect d-c power from the power stages of the inverters.

Connect the + lead of a variable voltage d-c power supply through
a switch to the input terminal (+INP). Usea separate d-c power
supply for each inverter. Connect the negative lead of the d-¢
power supplies to (-INP) terminals.

Close switches K1, K2, and K3.

Connect a d-c vacuum tube voltmeter across the collector of
transistor Q24 to (-INP) on each inverter. (These meters are
indicators only and need not exceed + 10% accuracy.)

Set the voltage on each d-c power supply at 28 + 2 volts and apply
d-c voltage to both inverters simultaneously.

One of the collectors of Q24 to (-INP) voltages should rise to
19 + 1 volts while the other should rise to 3 + 1 volts.

Connect a separate d-c power supply from base to emitter on Q25
on the inverter whose Q24 collector to (-INP) voltage is 3 + 1 volts.
Raise the base to emitter voltage on the Q25 until the voltage from
the collector of Q24 to (-INP) on that inverter changes from 3 + 1
volts to 19 + 1 volts. The same voltage on the other inverter
should reduce from 19 + 1 volts to 3 + 1 volts. There should be

no further change when the separate power supply is disconnected
from base to emitter of Q25.

Disconnect the voltmeters from the collector of Q24 and connect

a dual channel oscilloscope to the collector of Q4 on both inverters.
Set the oscilloscope on chopped, dual channel operation. Connect
the common side of the oscilloscope to the (-INP) terminal. The
collector of Q4 voltage on each inverter should be operating at the
same frequency and in phase. Photograph the oscilloscope output
to record this frequency locked condition.
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3.0

4.0

Test of Phase Lock Circuits.

3.1

3.2

3.3

After completing Section 2.0, disconnect the oscilloscope from the
collector of Q24 on each inverter. Connect the oscilloscope to the
collector of transistor Q17A to (-INP) on each inverter. The volt-
age across each Q17A should be a square wave of the same fre-
quency but not necessarily in phase with each other. Photograph
the oscillograph picture to record the out-of-phase condition.

Close switch K4. This connects together the "H'" terminals of
both inverters and should lock both countdown circuits in phase
with each other. The square wave voltages seen on the oscillo-
scope must now be in phase with each other. Photograph the
oscilloscope picture to record the in-phase condition.

Disconnect the d-c power supplies.

Parallel Inverter Operation

4.1

4.2

4.3

Reconnect the inverter power stages to the d-c input which were
disconnected in Section 2.2. Finish connecting the two inverters
in parallel as shown in Figure 74.

4.1.1 Connect voltmeters, ammeters, wattmeters, and a fre-
quency meter on each inverter output. Rated load current
is 2.18 amperes.

4.1.2 Connect a separate 0-350 VA per phase, 0.9 leading to
0.75 lagging load to each inverter through a 3 PST switch.

4.1.3 Parallel the loads through an aircraft circuit breaker.
Connect auxiliary contacts to short X1 to X2 on both in-
verters when the main contacts are open. This will dis-
able the load division circuit during isolated operation.

4.1.4 Connect an ammeter and a voltmeter on each inverter
input. Maximum d-c current is 50 amperes. Voltage
varies from 26,0 to 30.0 volts d-c.

4.1.5 Open all switches and the paralleling circuit breaker.

Close switches K1, K2, and K3 to lock the frequency reference
together.

Set loads at no load on each inverter. Close load switches to
individual inverters but do not parallel the loads.
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4.4

4.5

4.6

4.7

4.8

4.9

4.10

4,11

Connect one channel of a two channel oscilloscope to the collector
of Q4 and (-INP) on inverter I. Connect the other channel to the
collector of Q4 and (-INP) on inverter II.

Set both input d-c power supply voltages at 28+ 2 volts and apply
these voltages to the inverter.

When both Q4's operate at the same frequency, close switch K4
to lock the inverters in phase with each other.

Measure the voltage between VAI and VAII, VBI and VBIL, VCI

and VCII. These voltages must be 0+ 2 volts. If they are not,

adjust the appropriate R15. All line to neutral voltages on each
inverter must be 115+ 1 volt.

If the requirementsof4.7aremet, parallel the loads by closing
the paralleling circuit breaker.

Operate the inverters in parallel and record the following data:

Load terminal voltages, 3¢, L-N
Individual output currents
Individual output watts

Output frequency

Input voltage

Input current

4.9.1 Use the following loads:
0%
25%
50%
75%
100%
125%
at each of the following power factors:
.9 leading
1.0
.9 lagging
.15

NOTE: 100% load equals 250 VA per phase per inverter.

Repeat 4.3 through 4.8 except set the loads at those required in
40 9. 1. :

Using a recording oscillograph, record both phase A inverter
output currents and voltages during the four 100% load paralleling
transients required in section 4. 10.
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5.0

4.12

4.13

To demonstrate that an unloaded inverter can be paralleled with

a loaded inverter, repeat 4.3 through 4.11 with one inverter un-
loaded and with the other inverter loaded to 100%, 1.0 PF.
Record data called for in section 4.9 before and after paralleling.
Use a recording oscillograph to record both phase A inverter out-
put current and voltages during the paralleling transient.

To demonstrate that large load transients can be sustained by the
paralleled inverters, parallel the unloaded inverters; then, simul-
taneously, apply two 100% 1.0 PF loads to the paralleled inverters.
Record the data indicated in section 4.9 before and after applying
the load. Use a recording oscillograph to record both phase A
inverter output current and voltages during the application and
removal of the load.

Single Converter Operation Test

5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

Make terminal connections as shown in Figure 75, This con-
nects the inverter output in delta and rectifies it through a three-
phase full-wave rectifier. The output of the rectifier is connected
to the + and - output terminals. Connect d-c output voltage, cur-
rent, and wattmeters to these output terminals.

Connect a resistive load of 31.5 ohms (750 watt) across the out-
put terminals.

Connect the d-c input source (E1) through a contactor to the input
terminals. Set E1 at 28.0+ 1.0 volts with the contactor open.

Close the input contactor.

Set the output voltage at 153.5+ 1 volis d-c by adjusting potenti -
ometer R15. Output current should be 4.88 amperes. Adjust
load impedance, if necessary, to obtain this current.

Adjust the voltage across R69 to 20 + .1 volts by adjusting R69,
This adjustment establishes the transfer characteristics of the
d-c current transducer in the d-c load division circuit so that one
per unit load current (4.88 amps) is proportional to 20 volts be-
tween terminals Y1 and Y2.

Record the voltage across R69 for load currents from 0 to 6 amps
by changing the load current in one ampere steps.

Repeat sections 5.0 through 5.7 for the second converter.
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6.0

Parallel Converter Operation Test.

6.1

6.2

6.3

6.4

6.5

6.6

Connect two converters as shown in Figure 76.

6.1.1 Connect d-c voltmeters, ammeters, and wattmeters to
each converter output. Rated current is 4.88 amperes
d-c.

6.1.2 Connect a separate 0 to 1000 watt load to each converter
through SPST switch.

6.1.3 Parallel the loads through an aircraft circuit breaker.
Switch K6 is an auxiliary contact on this circuit breaker
which closes when the main contacts are closed.

6.1.4 Connect a d-c voltmeter and ammeter to each converter
input. Maximum d-c current is 50 amperes. Voltage
varies between 26. 0and 30 volts d-c.

6.1.5 Open all switches and the paralleling circuit breaker.

Set both input d-c power supply voltages at 28+ 2volts d-c and
apply these voltages to the converter input terminals.

Measure the voltage across the circuit breaker contacts. If this
voltage is 0+ 2 volt, close the circuit breaker.

Operate the converters in parallel and record the following data.:
Output terminal voltage
Individual output currents

Individual output watts

6.4.1 Connect the following loads to each converter before
closing the paralleling circuit breaker.

0%, 25%, 50%, 75%, 100%, 125%

NOTE: 100% load equals 750 watts/converter.
Using a recording oscillograph, record both converter output
voltages and currents during the six paralleling transients of
section 6.4.
To demonstrate that an unloaded converter can be paralleled with

a loaded converter, parallel an unloaded converter with a conver-
ter loaded to 750 watts. Record data in accordance with section
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7.0

6.4 before and after paralleling. Use a recording oscillograph to
record both converter output currents and voltages during the
paralleling transient.

6.7 To demonstrate that large load transients can be sustained by
the paralleled converters, parallel the unloaded converters; then,
simultaneously, apply two 750 watt loads to the paralleled conver -
ters. Record data in accordance with section 6.4 before and after
applying the load. Use a recording oscillograph to record both

converter output currents and voltage during the application and
removal of the load.

Comparison Between Conventional Core Materials and "Cubex' Core
Material in Output Transformer.

7.1 Connect one inverter as shown in Figure 73.

7.1.1 Connect input d-c voltmeter, ammeter, and wattmeter.
Input voltage 26.0 to 30.0 volts. Maximum input current
is 50 amperes.

7.1.2 Connect a complete set of three phase voltmeter, am-
meters, and wattmeters. Rated output voltage is 115
volts rms line-to-neutral. Rated current is 2.18 amperes
per phase.

7.1.3 Connect a 0to 350 VA per phase, .9 leading to .75 lagging
load to the output terminals.

7.1.4 Set d-c input voltage (E1) to 28+ .1 volts d-c.

7.2 Perform sections 4.9 and 4.9.1 at 0 and 100% loads. Record
transformer surface temperature.

7.3 Replace output transformer (P/N LYP18293D4) with Cubex-iron-
core output transformer (P/N LYP18292D1).

7.4 Repeat paragraph 7.2 to determine differences in efficiency.
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Figure 73. Terminal Connections for Single Inverter Operation and
Initial Adjustments. (See Schematic Diagram.)

119



Inverter #1

Inverter #

NA T —1 NA
NB Nt Nl 'NB
NC — — NC
C — — C
B B
A A
X1 X1
X2 >:H< X2
C2 o L Cc2
C1 — - - — C1
B2 o B2
A2 15 ch A2
S1 :] E S1
S2 S2
S3 S3
A3 A3
C3 C3
B3 B3
out+ out+
out - out-
Y1 Y1
Y2 Y2
H KT H
3200 ° o 3200
cps K3 cps
CRT7 —\ /—cho—— CRT7
| INP - INP-
INP+ )\—d INP+
R16 o ~o—oy R16
DC Input Power K1

Supply #1

__Tl

DC Input Power
Supply #I

Figure 74, Terminal Connections and Interconnections for Parallel
Inverter Operation. (See Schematic Diagram.)
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APPENDIX II

STATIC INVERTER INTERNAL

IMPEDANCE MEASUREMENT
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The most direct method of determining the internal impedance of a static
inverter is by measuring the unregulated operating characteristics of the inverter
under known load conditions. The internal impedance can then be easily calcula-
ted by one of two methods derived in this appendix. Both of these calculation
methods consider that an unregulated static inverter can be considered as an a-c
voltage source having a constant output voltage, g 1> and an internal impedance,

Z1 (a dot over a symbol denotes a phasor quantity). Figure 77 defines the sym-
bols used in both derivations.

With the first method of calculating internal impedance, the inverter oper-
ating characteristics must be measured with no-load, a known load, and a three-
phase short circuit. With the second method derived below, the inverter internal
impedance can be calculated when the inverter operating characteristics have
been measured at no-load and two other known loads.

Method 1 Derivation:

From Figure 77, the following relationship is evident:
El = Z111 + Vt'
We can select ZL' We can measure Vi and Iy.

Assume Vi =V/0°,

Zl = Zl&’

ZL=2ZL/Y .
Therefore: V. /0°

T = t :I = .

Il 71 1L
Fix

.=V ! - = 0 — ]

(1) E{=V 21 —eo Vioc 80 = constant /8o

Then

Vioe L80 =711 /61-7 +
where 6o, Z1, and 61 are unknowns., We can derive two equations from equation

(1) by separating the real and imaginary parts. Therefore, we need one more
equation which relates the unknowns.

Thevinens equivalent circuit theory gives the needed relationship:

_ E1oc
2 Z,=
@ 1 Ilsc
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Figure 77. Equivalent Circuit of a Voltage Source
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Where Ijgc 1s the rms phase current, I3, with the three inverter output terminals
short circuited, and Ejoc¢ is the rms voltage Vi, with the three inverter output
terminals open circuited. No change is allowed in the d-c voltage which is applied
to the unregulated static inverter output stages when these quantities are measured.
I1sc should not exceed the rating of the inverter, so the d-c input voltage to the
static inverter is reduced accordingly during these measurements.

Thus, equation (1) may be written as:

Eiocl

' Vtoc&):W—fal"Y*-Vt.

By separating real and imaginary parts, the following two equations may be
written:

EjocIi

@) Vioc €OS 8, = —m cos (81-7) +Vy,

E I
(4) Vigesing, = Zloc1 sin (61 -7) .
I1sc

Square equations (3) and (4) and add the results:
2

E1ne I 2E, 1.V
6 V2 =< toel1) ", P10Vt o p; ) 4 2.
N Isc Iisc
- ,
Hence: 5 9 Elocll
| Vioe” "% A\ T
6) _ toc 1sc
( cos (01-7) = TV
:loc 1Vt
I1se

Equation (2) can now be used to calculate the internal impedance magnitude, Zq,
and equation (6) can be used to calculate the angle, 61. The test measurements
necessary to make these calculations can be made in the following manner:

Iisc - Place a three phase short circuit across the inverter
output terminals. Increase the d-c voltage to the
unregulated power inverter stages until the short
circuit output current, I1gs, is at a reasonable magni-

tude (rated output current is reasonable).
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Eloc - Using the d-c voltage magnitude established above,
remove the three phase short circuit from the in-
verter output and measure the inverter internal
voltage, Eqige, by measuring the open circuit in-
verter output voltage.

Vioe - Increase the d-c voltage to the unregulated power
inverter stages until the open circuited output termi-
nal voltage, Vi,., reaches a normal magnitude.

Vi, Iy, andy - Without changing the d-c input voltage, apply a known
load, Zy, /Y, and record the inverter output current,
I4, and terminal voltage, V{. For most accurate

results, the load should be near rated load. For re-
sistive loads, ¥ =0°. For other types of load, ¥ can
be determined from the load power factor.

Method 2 Derivation:

A more general relationship can be derived if two different Z.L/s are connected
to the output terminals and the short circuit test is eliminated.

First assume:
Zp = 2L L0,
i, =5, &4'=1,/0,
E.:11 =Vtoc/86>
Vip = VLo,

Z11=21/01-

SO
M) Vio/8h = ZyTi/0y + .
Then assume:
213 =1L
f1p =1/
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E12= Vioe L%

L4 " °
Vig = Vi /0°

Zyp= 21/01
S0
(8) VtOC / OQ” = ZIII cos (91 -'Y//) + ‘7{'
Note: l Ii4 | = l I9 | = I;. This condition has been made to simplify the

following derivation. The condition can be easily met by properly selecting
ZLl & ZLZ . Separate equation (7) into its real and imaginary parts:

9) Vtoccos ,0(’) = Z1Ijycos 8y + V{.

(10)  Vigc sin 6) = Z;1I; sin 8],
Separate equation (8) similarily:

(11)  Vige cos 83 = Z11Iy cos (67 -v% + V¢,
(12) = Zy11 cos 67 cos v’ + Z11y sin 61 sin "+ Vt” .
(13) Vi sin 04 = Z11; sin (6; -v,
(14) = Z11; sin 0y cos v”-2Z1; cos #; sin v*
Solve equation (9) for Z;I4 cos 01,
(15) 2414 cos 31 = Vige COS oc’, -Vé,

Substitute equations (10) and (15) in equations (12) and (14),
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(16)  Vige cos 85 = (Vige cos 84 - Vi) cos v + Vige sin 69 sinv” + Vi
(17) = Vioc COS (06 -'y//) + Vt//- Vt/ cos v”,
(18) Vi sin ¢ = Vioe Sin g5 cos v”- (Vioe COS 84 - V) sin v”

(19) = Vigc sin (65 -4 & Vt’sin v”.

Square equations (17) and (19), and add the results:

(200 Vipe? = Vigcht 2Vioe (W'~ Vi'cos v7) cos (8] -v% + 2Vioc Vi siny”sin (6;,-)

+ (Vt//- Vt, cos 7”)2 + V{z sin v”
Expand  cos (6, -7 and sin (4 -¥) and collect terms,
(21) 2V, (Vt/' cos v~ Vt’) cos g5 ==2Vioc v{sinv”sin 05 - [(V{/cos y’- Vt')2
+ V/;Z sinz‘r.’f,.
Square both sides of equation (21):

2

(22) 4Vtocz (Vt//cos y”- Vt‘ )zcoszo(; = 4Vige V'tlz sin®y” sin? 6(;

+ 4V Vt sin ¥ [(Vt cosv” V%)2

/
+ Vltzsm2 Y ]smzoo + [(Vt’/cos ¥ -V{)z

2
V/4
+ Vtz sin2 7’/] .

2

Substitute cos200 = 1-sin 00 into equation (22) and collect terms,

(23)  4Vy,.2 [(V{’cos V-Vp2 + V{2 sin? 7’jsin2 65 + 4Vipo Visiny’ [(V{’cos Y’

s 1 2
- Vt) + sz sin ‘Y]smo + [(Vt coS ¥ - Vt)2 + Vltz s1n2'y”]

4 2
- 4Vtocz (Vt/cos 'y”—V{) = 0.
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Divide equation (23) by

L "
4Vioc [(Vtcosv Vt)2 + Vtz sin? ¥ ]

v . I/4
Vt siny .
S1

/
(24)  sinq, + n o

toc

2
N [(Vt cosY -Vt) + Vtz smz‘v ] -4Vioc (Vt cosY —Vt) 0
4Vtoc [(Vt cos Y Vt)2 + V'zsm 'y]
So,
V. o
(25) sin og = o
2Vioc
5 N\
V cos7 -Vt 4Vi:oc 1
* V. . 2 7
toc (Vt CoSY -Vt) + Vt sin ‘Y

The value of sin 6 must agree with equation (21). When the correct value of

sin 6§ is determined, equations (9) and (10) are used to determine Zy and 6y .
Thus,

sin g .~
(26) tangq = ST
cos 6§ - :
Vioc
and
V.. . sin ¢’
(27) Zl — toc 0

I sin 91

The test measurements necessary to calculate Z1 /6; using equations (25), (26)
and (27) can be made in the following manner:

Vtoc - Increase the d-c voltage to the unregulated power
inverter stages until the open circuited output termi-
nal voltage, Vigye, reaches a normal magnitude. This
d-c voltage must be maintained throughout the follow-
ing load measurements.

130



E BN B B N = A Ba By B EE

|

V{ and I{ - Apply a balanced three-phase resistive load to the
unregulated static inverter and measure the terminal
voltage, V{, and load current, Ij. For most accurate
results, Iy should be close to the rated inverter out-

put current.

Y/

Vt/and ¥’ - Maintain the same load current magnitude, I while
changing the power factor of the load Zy, /__ "Record
the new terminal voltage, Vt/ The angle 'y can be
determined from the measured power factor of the
load.

Measurement of The Internal Impedance of Static Inverter Model #2.

The procedure used to obtain experimental data to determine the internal
impedance of static inverter model #2 is shown in Figure 78. See Figure 4 for
terminal designations. Figure 79 contains the data obtained according to Figure
78. The following references to paragraphs are those paragraphs in Figures
78 and 79.

Example calculation of the internal impedance by method 1:

The data for paragraph 8 give :

Iyge = 2.18+2.314+2.28 ~ 2.2 amperes.

The data for paragraph 9 give :

E _ 35.8+36.1+36 _ 35.96 volts.
loc — 3 -

The data for paragraph 4 give :

_ 115.8+115.0+114.8 _
Vtoc = 3 = 115.2 volts.

The data for paragraph 5 give :

96.5+97.3+97.9 _ gn 93 volts,

Vt = 3

| Il — 2.18+23,18+2°16 — 2.173 amperes,
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= cos'll.O - 0°,

Substitute these values into equation (6):

cos (61 -0) =

cos 81 = 0.361;

or 61 = 68.8° as determined by method 1.
Substituting into equation (2) gives Z; by method 1:

71 = 39:96 _ 16.33 ohms.
2.2

One per unit impedance is equal to the rated line voltage (115 volts) divided by
the rated output phase current (2.18 amperes) or 53 ohms. Therefore, the static
inverter internal impedance as determined by method 1 is:

7y = 15:33 /68.8 — 0.308/68.8° P.U.

Similar calculations using method 1 with the data of Paragraphs 6 and 7 respec-

- tively give:

with Para. 6 data:

Zq = 0.308 /71.4°
with Para. 7 data:

Z, = 0,308 /75°

These values compare very closely to the value derived in the first quarterly
report of 0.27 /77,8° P.U.
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Example calculation of the internal impedance by method 2:
Using data from paragraphs 4, 5, and 6:

V{ = 97.23 volts

Vi = 82.76 volts

v _ 41.4°

Vtoc = 115.2

Using equation (25):

., _-(82.76)sin4l.4°
Sinfy = 37115, 2)
, 82.76cos41.4-97.23 4(115.2)2 -1
2(115. 2) (82.76 cos 41.4-97. 23)% + (82.76)% sin241.4
= -0.237 + 0.522

= =0.759 or +0. 285
Thus:
6, = -49.4° or 16.6°.  One of these solutions is extraneous and must be
eliminated by using equation (21).
Substitute §, = 16.6° into equation (21):
-230.4(35. 23)(cos 16.6°) = 230.4 (82.76) sin 41. 4) sin 16.6° - (65. 1)2,

?

-7800 = -3610 -4240,

-7800 = -7850.

Therefore 6y = 16.6°  rather than -49.4°.
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Using equation (26):

tan 61 — sin 16.6° _ 0.285
Lo cos16.6°-27:23 0.958 -0.844
" 115.2
= 2.5
6, = 68.2° .
Using equation (27):
—_ 115.25111 16.6 - 16.1 Oth,

2.2sin82. 8°

or Z :11563-_1 — 0.304 P.U.

Therefore, él = 0.304/68.2° P.U. as determined by method 2 and data from

paragraphs 4, 5, and 6.
Using data from paragraphs 4, 5, and 7:
85 =16.7°

z'1 = 0.303 /68.35° P.U.

The average of all five Z{'s calculated by both methods is:

Z; = 0.305/70.3° P.U.
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APPENDIX III

DERIVATION OF EQUATION (29)
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Let Ry = reliability of an inverter

R

c reliability of a changeover circuit

Ry = reliability of the system

n = number of inverters in the system
Item 1 is defined as a single inverter. Items 2 through n are each composed of
an inverter and a changeover circuit.
The system fails only if all items fail.
A)  Probability of failure of item 1is 1-Ry.
B) Probability of failure of item 2 is 1-RjR,, by the product rule for
series elements. The product rule is applicable because the failure

of item 2 may be caused by the failure of either of its elements.

C) The probability of failure of item 3, 4, 5, etc. is the same as item
2, because they are identical.

The probability of system failure is the probability of the failure of all items, and
is by the product rule (1-Ry) (l—RIRc)n'l .

System reliability = 1 -probability of system failure

(20) Rg = 1-(1-Ry) (1 -RRe)"
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APPENDIX IV

ANNEALING OF HIPERSIL AND CUBEX

STEEL TRANSFORMER LAMINATIONS

139




The Hipersil steel transformer laminations were punched from 0.011
inch thick Hipersil steel sheet obtained from the Westinghouse Transformer
Division, Sharon, Pennsylvania. (This material is also available from Armco
Steel Corporation, Middletown, Ohio.) These punchings were annealed in a dry
hydrogen atmosphere (dew point did not exceed -20°C) at 800°C + 10°C for two
hours and then furnace cooled to below 150°C.

The CUBEX steel transformer laminations were punched from 0. 006
inch thick sheet obtained from the Westinghouse Research & Development Center,
Pittsburgh 35, Pennsylvania. To provide the means to establish a magnetic field
in the laminations during the annealing process, a fixture was constructed and is
shown in Figure 80. The four plates shown were made from 3/8 inch thick Inconel.
The two coils were wound from 1/4 inch O.D. low-oxygen copper rod. The rod
was flame sprayed with alumina to insulate the conductors during the anneal.

Sufficient CUBEX steel laminations were punched for two transformers
so that two separate anneals could be made. Half of the laminations were as-
sembled into the annealing fixture. A Westinghouse Type HS-12 furnace was
pre-heated to 1000°C. The assembled fixture was placed in an enclosed Inconel
retort. The cold retort was inserted into the furnace and raised to 900°C. The
charge was maintained at 900°C for ninety minutes. A 10 oersted field was then
applied and held during the entire cooling cycle. During the entire anneal, a dry
hydrogen atmosphere was present. A flow rate of 30 cubic feet per hour was
accurately metered and dew points were checked at the beginning, mid-point,
and end of the cycle. The entrance dew point was greater than -65°C. The exit
dew points were not less than -35°C. The cooling cycle for the first anneal was
programmed at 2°C per hour. The cooling cycle for the second anneal was pro-
grammed at 25°C per hour, Magnetic tests conducted after the two anneals showed
that the magnetic properties were not changed by cooling rate.
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